Abstract
Introduction 1
The development of renewable energy technologies has become more prominent 2 in recent years. This is due in part to European Union (EU) and global movement away 3 from traditional energy generation from fossil fuels and the associated greenhouse gas 
12
Recovering value from waste materials is of key importance for the development 13 of a sustainable future. Whilst the reuse, recovery and recycling of wastes is of interest, a 14 significant proportion of residual waste remains that is either non-recoverable for various 15 reasons, or has no commodity value. Therefore the thermal treatment of residual wastes 16 is a management option that is popular across Europe, and is becoming more prominent 17 in the UK as policy incentivises moving away from landfill disposal and towards the 18 generation of renewable energy.
19
In Europe, national and international targets have been set up for waste recycling, 20 recovery and diversion from landfill (Burnley et al., 2007) , which in combination 21 contribute to an integrated waste management system (Grosso et al., 2010) . Likewise, 22 existing targets regarding renewable energy production can include energy from biomass 23 4 and the biomass (or 'bio-based') fraction of waste (Wagland et al., 2011) . When 1 considering the mixed waste materials, it is critical to understand not only the biogenic 2 carbon content of the waste, but also the energy potential or yield from the bio-based 3 fraction. This is due to the renewable energy targets set (Council of the European Union, 4 2009), and the need to demonstrate the quantity of renewable energy generated from 
15
One such approach in determining the biogenic content of a mixed waste material 16 would be by determining the physical composition of the mixed wastes, and then hydrogen in the fuel. This latent heat is not recoverable in a conventional boiler plant.
7
As such, the NCV represents the energy yield, representing the energy that would be 8 produced in a 100% efficient non-condensing conversion process. 
Waste materials and preparation

12
The waste components used in this study were gathered from materials collected quadrant was placed over each part of the waste, and a digital image was captured of each 17 section. The quadrant was placed so as to ensure that all waste was covered during this 18 process, whilst avoiding overlap between sections.
19
The digital images were then processed using Erdas Imagine (v9.3) to crop and 20 geometrically correct the images before placing an 11x11 dot-grid over the image, as 21 described in a previous study . Each dot covering each of the 
17
The absorption of a microwave beam by a material sample in air follows the Beer-
18
Lambert law (Hecht, 2001 ):
(1) 21 22 Where I T and I 0 are the transmitted and incident intensities respectively;  is the given by the Fresnel formula (Hecht, 2001 ):
Where n is the refractive index of the sample material. When the above conditions 11 are not met, the value of T will be reduced (except in the special case of Brewster-angle water, the coefficient  must be replaced by  1 C 1 + 2 C 2 + 3 C 3 +… , where the subscripts 14 refer to the individual components and C is the fractional concentration of each species.
15
Transmitted power loss in dB is calculated as: and is additive when the beam passes through several material layers, i.e., for N layers:
Loss (N) = 4.34 log 10 (
22
The microwave transmission loss of a mixed stack of materials, such as waste 1 stream, will therefore be determined by the absorptivity, thickness, orientation relative to 2 the beam, and texture of all individual layers in the stack.
3
The absorption coefficient  has a strong frequency dependence arising from 4 molecular resonances and phonon bands (Huang and Richert, 2008) . This is particularly 5 true of liquid water, where absorption rises very steeply with frequency, as seen in Figure   6 1, which also shows the refractive index of water at relevant frequencies. The moisture measurement system comprises a 5 GHz microwave transmitter and 10 11 where the approximate sign is due to the fact that T will be different in wet and dry 12 materials, although the difference is not expected to be large: T dry  T wet .
13
In order to investigate the practical aspects of moisture measurements and to 14 produce some test calibration curves, a simple phantom was designed and its microwave GHz. The weight of dry sponge was 0.7 g and its microwave loss was 0.2 dB at all test seen that at higher frequencies the slope is larger, due to increased water absorptivity.
3
Larger slope translates into higher measurements sensitivity. However, increased loss 4 requires larger signal-to-noise ratio in the measurement system: note that in Figure 2 the 5 noise in the data increases greatly when the loss exceeds 40 dB. Therefore the test 6 frequency must be selected with a view to a necessary trade-off between desired 7 measurement sensitivity and available signal-to-noise performance. The data indicates the scale of possible errors in measuring moisture content. It 15 may be expected that an uncertainty of ±2 dB is likely to be present in an industrial in- 16 line system, which would result in a corresponding uncertainly in water content of 17% at 17 5 GHz, 5% at 16 GHz, and 3% at 26 GHz. The biogenic carbon, GCV and NCV were calculated for each of the waste 10 samples from the determined composition using the weighted percentages. Subsequently,
11
the GCV and NCV from the biogenic fraction (GCV bio and NCV bio ) were determined, 12 also using weighted averages.
13
The NCV at different moisture levels was calculated by rearranging the formula The NCV at specified moisture content could then be calculated, demonstrating 11 how the moisture content measurements described previously would be applicable in 12 practice.
The energy from the biogenic fraction was calculated using the guideline method as they were collected from source-segregated recyclables, and so some moisture was to 13 be expected, especially in the garden waste. The GCV measured and NCV calculated for 
17
The weighted average GCV and NCV for sample A for the composition shown in 18 The results of the image analysis for each of the two samples are shown in Table   3 2, highlighting the weight of each component determined by this technique and the 4 percentage composition.
5
>>>>>>>>>>>>>>>>Insert Table 2<<<<<<<<<<<<<<<<< 6 7
The weighted average GCV and NCV for the composition determined by image 8 analysis, as shown in Table 2 , were 14,900 and 13,800 kJ/kg respectively for sample A 9 and 9,460 and 8,800 kJ/kg respectively for sample B. These are very close to the 10 weighted average GCV and NCVs reported for the prepared samples (Table 1) , which is 11 due to the accuracy of the composition obtained (or recorded) by image analysis for both 12 samples.
13
It is clearly seen in Table 2 that the image analysis technique over-estimates the 
23
The differences between the known mass of the waste components and their 1 determined mass are due to the translation of dot count to weight. As a result, the 2 conversion used requires careful consideration, as this error is likely to be more 
Microwave image analysis
12
Utilising the microwave imaging system, samples of the supplied waste types 13 were imaged on a mock conveyor, as shown in Figure 3 . Textile, wood, paper and plastic were measured before and after being sprayed 23 with water, which increased the total weight of the four samples by 30%. The contrast in 24 microwave images results from differential microwave absorption, higher absorption 25 being displayed as white. In Figure 3b and 3c, the wood sample exhibits stronger 26 absorption compared with the other three samples, due to its greater absorptivity, 27 20 thickness and density, and also due to some trapped moisture. However, after spraying 1 with water the textile sample becomes the most highly absorbing as a result of its large 2 water retention capacity. In contrast, in the wood, paper and plastic samples water 3 remained on or close to the primary sprayed surface, with little moisture penetration into 4 the body of the material, therefore producing a weaker effect on microwave absorption.
5
Moisture content of different materials was evaluated, the results being 6 summarised in Table 3 . The thickness of the water layer in the beam path was estimated 7 by weighing the material before and after spraying and dividing the weight difference by 8 the sample area. The microwave loss due to water was then measured as the difference in 9 loss between dry and wet samples, and the thickness of the water layer was calculated Table 3<<<<<<<<<<<<<<<<<< 12 13 It is seen that in the case of fabric the moisture content measured from microwave 14 loss agrees with that derived from weighing the material; the case of cardboard is 15 borderline, in that the obtained value is similar to the uncertainty; whilst wood is below 16 the detection threshold of the system.
17
The results in Table 3 determined by the image analysis method, are presented in Table 4 . Table 4<<<<<<<<<<<<<< 10 11
As shown in Table 4 , the renewable GCV and NCV, as a percentage of the total
12
(shown in Tables 1 and 2) , calculated from the known composition and from the image 13 analysis-derived composition, were lower for sample A than for sample B. This is due to 14 the significantly greater proportion of dense plastic in sample A, which contributed to a 15 large fraction of the total energy content but was only 1% biogenic from the 14 C analysis.
16
The percentage renewable energy determined by image analysis was lower than values 17 calculated from the known sample mixtures; however these are still very similar (within 18 5% of the actual values, as shown in Table 4 ).
19
It is important to understand the impact of the moisture content on the NCV, as 20 whilst the overall moisture content of the sample is a key consideration, the moisture As seen in Figure 4 , the NCV falls with increasing moisture content. Notably, the 9 decrease is steeper for plastic than for natural-source materials such as paper, textiles and 10 wood. Nevertheless, even for the latter, the NCV decreases by a factor of 3 for a moisture 11 content of around 60%. Figure 4 therefore highlights the strong negative impact of 12 moisture on energy recovery.
13
The biogenic fraction of the prepared samples was higher than that of typical 14 mixed wastes, as shown in a previous study (Fellner and Rechberger, 2009) processing environment is provided in Figure 5 , indicating potential height sensors which 19 would enable corrections on sample thickness. Table 2 . Component weight and % composition determined by image analysis
